Introduction
The immune system is an example of a complex -of the host and of pathogen invasion. This innate level of immune responsiveness has evolved over longer periods of time and is genetically -mation. The second level acts during the life time of its host and involves adaptive changes by cells of the immune system to possible pathogens encountered. While starting at the level of recognition of rapidly changing pathogen sigcan alter their expression on the basis of a learning process. Most impressive is the harnessing of genomic chaos in the form of gene rearrangements and somatic mutation for generating novel receptors on a clonal basis. This level of the immune system can be considered a real -of pathogens and its effector arm is more highly -This is called immune memory and is the basis for vaccination (Ahmed & Gray 1996) .
In spite of the importance of memory, it is still poorly understood in either man or the most commonly used immune animal model, the mouse. While many basic issues of the induction of memory can be established in the mouse, of most practical interest is the understanding of memory in man. Memory in man has differthe longevity, complexity of pathogen exposure, and migration/travel of humans resulting in novel pathogen exposure. Thus, some aspects of immune memory can only be studied in man. The analysis of immune responses in man is dif--ies that the history of exposure to pathogens set up differences in the memory repertoire (Selin et al.1999) . In humans, the exposure history is Samples are only available from the blood and not from other secondary lymphoid organs. Thus, many lines of experimentation that are possible in mice are impossible, unethical, or unfeasible in man. One of the purposes of computer simulations or in silico modeling is to -lated observations.
Simulations can be launched in order to In silico modeling can be used to provide possible -in vitro or in vivo observation exist. They can be used for forecasting or various stressors. The results of simulated experand provide insights into the nature of a process under investigation. be to provide a basis for predictions that can be tested at the bench.
Our recent observation of a fractal self-similar structure in memory repertoires (Naumov et al. in vitro motivated us to explore simulation studies that can provide a better understanding of the multistage dynamic process of an immune memory response to a pathogen. the in silico modeling procedure that imitates the peptide.
entities. used for modeling and analysis, "a clonotype", -maries of clonotype distributions, and describe clonotype-related entities. We develop a conan illustration of simulation in simplifying conditions. The results of simulation are visualThe similarities assessed. The insights gained from simulations are discussed.
Working definitions and properties
observable unit used for modeling and analysis, and three clonotype-related entities: clonotype -Most of the properties of clonotypes are relatively invariant to experimental conditions and can be directly measured, as can some of the properties of the repertoire. We postulate that each of these three entities can be characterDiversity is a property of a and can be measured at different levels includdistribution. Diversity is one of the properties of a clonotype distribution and is associated selective re-assortment.
Clonotype, clonotypic lineage, clonotype properties
protein chains. The genes for these proteins are generated by a rearrangement process joining -ment (V) rearranges next to the joining segment (J) in the case of the chain, and a V to diversity segment (D) to J segment rearrangement for the chain (Davis & Chien 2001) . The rearrangement process results in a random insertion/deletion of genetic information at the joining sites.
receptor that contacts the antigen ( Fig. 1 ) and is referred to as the third complementarity determining region (CDR3) of the TCR. Therefore, a general rule each functional T cell leaving the thymus expresses a single TCR, i.e. the receptor its clonotype. In the context of recognition of an antigen fragment the term clonotype can refer -CDR3. On a molecular level almost all T cells express only one copy of the chain and for -chain CDR3
After a T cell bearing a particular clonotype is generated, it leaves the thymus and circulates through the blood and peripheral immune out. In the presence of stimulation the clonotype derived from the original clonotype precursor. approximation as the exact number of precur--dence for limited expansion of the original cell that rearranged its receptor prior to thymic exit (Correia-Neves et al. 2001) . It is also unclear may arise during the rearrangement process. For example, rearrangements that encode the CDR3 be encoded. If such rearrangements occur more more than one copy of an identical clonotype generated in the thymus. If the rearrangement -generated de novo is a function of the length of Fig. 1 . Illustration of the T cell receptor with clonotype defining region. The -T cell receptor heterodimer (in blue) is generated by a rearrangement process that results in a random section of genetic information inserted in the position that will encode the part of the chain (magenta) that contacts the antigen-derived peptide (green spheres). This random piece of genetic material can be identified and all T cells with the same random piece of DNA counted. They are all assumed to be related, and the number reflects the expansion of that T cell. This random genetic segment (magenta) defines the clonotype, the primary unit of investigation.
probability that this portion of the TCR could have arisen by independent events. the V, D, and J segments used, the length of the antigen complex. An antigen complex is usually a peptide fragment derived from the pathogen that is bound in the peptide binding groove of a molecule of the major histocompatibility locus 
N is a number of -erties. response. The simplest measure of repertoire diversity in a measurement or clonotypes expected in the repertoire.
Clonotype distributions
The concept of clonotype distribution incorporates the number of times any particular clonotype is observed. A clonotype distribution described as a repertoire, C = {C 1 ,C 2 ,C 3 ,…,C N clonotype being observed a number of times
sorted in descending order, a clonotype distribution has a long tail that consists of singletons, or clonotypes presented by only one copy (Fig. 3) . The shape of the clonotype distribution pre-A N, and a number of clonotype copies, denoted as Their ratio yields another measure, an average number of clonotype copies, V = M/N. The dif- 
the average number of clonotype copies is ranging as 1 < V < M, and a crude measure of overall D C a variety in a clonotype distribution form.
Rank-frequency clonotype summaries
The analysis of clonotype distribution based on is limited in its ability to describe the system. concept of repertoire diversity. Figure 4 illustrates -of occurrence of species to provide a succinct summary of the data and to predict the probabilIn converting a number of copies can be detected in experimental is one copy. summaries determines their diversity. We recog-- parameter a single copy clonotypes and parameter b describes the curve decays. repertoire distribution can be best described by see inset in Fig. 4 ). portions at a critical point, x c number of clonotypes, i.e. the extensive single copy tails from Fig. 3 . To further describe properties of the clonotype distribution we assigned each clonotype a rank based on the absolute counts of copies (rank 1 consists of clonotypes observed as single copies, rank 2 those observed twice, etc.). By plotting relative frequencies in increasing rank order a power-law-like rank-frequency relationship has been revealed. The inset illustrates the fitting procedure for estimating essential parameters of the log-transformed rank-frequencies relations.
Measurement of repertoires
data. clonotype for the antigen is a complicated process and not easily amenable to routine use.
Measuring clonotype frequencies

Determining the
The simplest approach is to count the number sources of error in the colony counting approach 
Measuring recall responses -ity to respond to a recall antigen in vitro
In vitro manipulation of cells removed from an organism introduces a number of variables.
ditions in vitro are not currently able to mimic conditions found in the organism. Important anatomical architecture is lost. The limitation must Nevertheless, useful data can be obtained. An important aspect of in vitro approaches is reproducibility. and stimulation in culture is a complex process Thus, there is a need to perform all these analyses in triplicate using identical starting materials to the cultures are not chaotic.
A multistage dynamic process of immune memory generation
dynamic process that consists of three stages: (1) initiation, (2) selection, and (3) memory sta--formation of a naïve repertoire into a mature memory repertoire.
lating immune response builds on our current -At the omitting the last stage of this process, the stage of memory decay.
Repertoire initiation
A T cell exiting the thymus must express a TCR ( and -too strong a response to self may lead to negative selection and deletion. A subset of such naïve T cells should be able to respond to any antigen--man et al. 1990 ). In addition to TCR recognition, there are a number of accessory molecules that participate in the activation of the naïve T cell et al. 1999 T cell et al. , Lee et al. 2003 . The nature and number of -ity value for the antigen-presenting cell based on molecules.
exactly the same TCR may have different avidities based on differences in accessory molecules.
panoply of accessory molecules may have differthe TCR or accessory molecules. An important lacunae in our understanding of initiation is that the distribution of clonoIt is assumed that the naïve repertoire, originating from clonal events is not extensively pre-selected, and thus the clonotype distribution a uniform distribution are uneven mechanisms for generating rearrangements and partial expan-
Antigen-induced selection
Although some ele- Kedl et al. 2000 , Mercado et al. 2000 , the exact details of this process are still poorly understood. The relation then contraction as the antigen is cleared from the system. As part of this process the repertoire gains information about the antigen and pathoof contacting antigen has to be considered. In the selection phase the parameters are: the probability that any one of the clonotypes actually for antigen and expansion, the probability of elimination during the contraction process, and different cycles of antigen contact. Repertoire stabilization memory repertoire is composed of a large number expansion, but an important characteristic is a heavy tail of T cells that have undergone minimal expansion (Naumov et al. 1998 (Naumov et al. , 2003 . Our cur--further experiments, the model derived from the be important to investigate the constraints imposed on our description of the mature repertoire by the sampling process. also be of interest. For the mature memory stage, -nature of the repertoire, establishing the relation -mining the repertoire stability.
Framework for simulation studies of immune response
The simulation of a multistage dynamic process currently consists of three distinctive stages: initiation, iterative cycling, and evaluation. The -
The iterative cycling imitates repertoire development in "real each cycle can be interpreted as an episode of exposure resulting in immune response. Finally, is essential for systematic assessment of model performance.
Initialization
Let X x 1 , x 2 ,..., x i ,..., x N }, N number of clonotypes. Let i be a propagation probability and i be a removal probability for a clonotype x i , so that = { 1 , 2 ,…, i ,…, N }, and = { 1 , 2 ,… i ,…, N }. Fig. 6 .
Propagation and removal
We assume that the process of repertoire development consists of number of cycles, D, and one for the propagation and one for the removal. the system to be generated from a probability distribution, selected at the initiation step, and then a random contraction of the system to be performed according to the selected propagation/removal probabilities. An illustration of By modifying -pre-selected expansion/contraction rates. After performing an expansion/contraction cycle, response, a simulated mature repertoire can be examined and evaluated.
Evaluation
We assume that after a number of cycles, the mature repertoire distribution can be observed can be created (see Fig. 7 ). After completing each cycle or a series of rules for an iterative process. This step is essen- In the simplest situation, plotting a log/log transformation of the data: logy = loga -blogx, should yield a straight line.
Separation of the curve into suggestive of a possible biphasic mechanism for repertoire generation.
Although publications related to examining -toire distribution are very limited (non-existent), there is a body of literature suggesting differdistributions. The selected potential candidates 6 . A simple letter-based illustration of repertoire initiation, expansion and contraction. At initiation a clonotype distribution associated with the naïve repertoire is assumed to be uniform. For illustration, each clonotype is coded by a single letter.
Step 1 (expansion) and step 2 (contraction) form a cycle. The clonotypes propagated at the expansion step (a, d, f, j, …, y) are shown in green. The clonotypes removed at the contraction step (c, d, g, I, …, x) are shown in blue.
son and negative binomial distributions, discrete -and might be able to accommodate the need of An objective and measurable criterion of the experimental data, theoretical inferences, and simulation results. We consider the proposed approximating the actual data by a theoretical distribution or a mixture of distributions ("datato-model" approach) and another by modeling a dynamic birth-death process ("model-to-data" -tions. set of initial assumptions after completing a assumptions and experimental data.
A multistage dynamic process of immune memory response to influenza matrix protein: experiment in silico
In designing experiment in silico, the data obtained from actual immunological experiments typically feed the parameters for computer simulations.
repertoire has been arrived. The similarity in the actual and simulated data ensures a complete description of repertoire development. from our experience and existing publications the actual experiment on the recall response to matrix protein, M1
Experimental data
The immune response to a peptide derived from (M1 of T cells expressing the BV17 TCR gene and a the TCR -chain (Moss et al. 1991 , Lehner et al. et al. 1998 . As the CDR3 interis indicative of antigen driven selection. To ana- The top panels illustrate the simulated trajectories for clonotype propagation and removal for each generation cycle.
distribution. the values for ij
The ij from the standard normal distribution, leads to a -son distribution, typical for a negative-binomial distribution. The approximation of the simulated distributions provides a good agreement for the In the of the experiment described above. We consider
The simulated results dem- (Fig. 9 ) and the actual data (see Fig. 4 ). After the rest 149 clonotypes produced 498 copies. We -actual data. summary to the simulated clonotype distribution revealed the self-similar fractal nature of the simulated immune response.
Insights from simulation -tion from the simple fractal structure indicating a biphasic nature to the outcome. This nature has high ( see Fig. 10 ). After six cycles, the simulated repertoire exhibited clearly a biphasic fractal structure. If for a simple fractal structure: log q Y = 1 -log r X q = max(Y) and r = max(X), and for a biphasic fractal structure: one for a simple fractal structure, and another for an observed structure, and a measure of the degree of departure from simple fractal structure as I x) -log(y)]/n x is the y n is a number of In the simulated experiment, I = 0.284 (upper right panel). the simulation 300 times (upper right panel) of the observed biphasic fractal structure. This collected set of clonotype distributions can be -M individuals. These results suggest that the departure from a simple fractal structure -gation probability. The results also indicate that procedure, the main limitation of this approach is the data-driven arbitrary selection of the cut-off about mechanism for repertoire generation. number of clonotypes. Moreover, advancing the -ence of a propagation probability on a number of cycles and the dependence of a removal rate on a total number of clonotypes for a given cycle and distributions.
Conclusion
We have started to model memory T cell repertoire development on the basis of the proposed -type distribution data from a mature repertoire. We simulated the process of repertoire generation on the basis of theoretical assumptions -ally measured ones. the repertoire measured in the actual experiment. These pointed out the importance of the rate and We believe that carefully crafted simula--actual distributions are strengthening our recent observation of a fractal self-similar structure in memory repertoires observed in vitro. The parameters and variables used in the simulation -simulation. We believe that illustrated properties of fractality and self-similarity might arise against a pathogen. They operate in a complex environment of shifting pathogen concentra--other immune cells and their infected targets.
tions. Thus a population of cells is employed. Thus a fractal structure to such a population --This -odology based on in vivo and in vitro experiments.
tion experiment has to be carefully designed and evaluated.
needed for the anticipated extensive computational effort. As much it is important to learn -pretation. in silico trigger novel hypothesis, provide insights into the mechanism and nature of processes under the study.
